Abstract: Carbene-metal-amide type photoemitters based on CF3-substituted carbazolate ligands show sky-blue to deep-blue photoluminescence from charge-transfer excited states. They are suitable for incorporation into organic light-emitting diodes (OLEDs) by thermal vapour deposition techniques, either embedded within a high-triplet-energy host, or used host-free. We report high-efficiency OLEDs with emission ranging from yellow to blue (Commission Internationale de l'Éclairage (CIE) coordinates from [0.35, 0.53] to [0.17, 0.17]). The latter show a peak electroluminescence external quantum efficiency (EQE) of 20.9 % in a polar host. We observe that the relative energies of CT and 3 LE states influence the performance of deep-blue emission from carbene-metal-amide materials. We report prototype host-free blue devices with peak external quantum efficiency of 17.3 %, which maintain high performance at brightness levels of 100 cd m -2 .
3 charge-transfer (CT) type excited state. Both frontier orbitals are spatially well-separated, commensurate with a small ΔE(S1-T1) energy gap for CT excitations. This arrangement enables luminescence quantum efficiencies approaching 100% coupled with short, sub-microsecond excitation lifetimes for triplet states. The emission process involved has been subject to a number of theoretical and spectroscopic investigations; [22] [23] [24] modelling has shown that upon rotation about the metal-N σ-bond, the ΔE(S1-T1) energy gap decreases and at high twist angles may approach zero. 13, [21] [22] [23] [24] Here we report the synthesis of new Au-bridged emitters which enable blue host-free
OLEDs with EQEs of 17.3% (λem,max = 473 nm), as well as host:guest devices with a peak wavelength of 450 nm and an EQE of up to 20.9%. At practical brightness levels of 100 cd m -2 , we achieve EQE = 17.2% and EQE = 17.8 % for the best host-free and host:guest devices, respectively.
As a consequence of the high polarity of CMA emitters, emission energies are sensitive to their molecular environment; for example, this has allowed "tuning" of electroluminescence by suitable host media from green to sky-blue. 20 However, much larger changes in emission energies can be achieved by altering the carbazole substitution pattern. For the ( Ad CAAC)AuCz archetype, the HOMO is almost entirely located on the Cz donor. The introduction of electron-withdrawing groups to this moiety therefore influences the HOMO more than the LUMO and widens the HOMO-LUMO gap, resulting in a shift towards blue emission. We therefore prepared the CF3-substituted carbazolate complexes 1 (R 1 = CF3, R 2 = t Bu) and 2 (R 1 = R 2 = CF3) ( Figure 1 ) from ( Ad CAAC)AuCl and the corresponding carbazoles in the presence of KO t Bu, following previously published procedures. [19] [20] [21] The structural and PL data of the known green (R 1 = R 2 = H, here complex 3) and yellow emitters (R 1 = R 2 = t Bu, here complex 4) are included for comparison. 19 Complexes 1 and 2 were prepared on a 5 g scale as white solids which are stable in air and in solution for long periods of time. They possess good solubility in aromatic solvents (toluene, chlorobenzene, 1,2-difluorobenzene), THF, dichloromethane, or DMF but are insoluble in hexane.
We chose the adamantyl-substituted CAAC ligand ( Ad CAAC) since its high steric hindrance provides good thermal stability and high PL intensities. Thermogravimetric analysis (TGA, 5%
weight loss) showed decomposition temperatures of 325 °C for 1 and 364 °C for 2 ( Fig. S1 ). Ellipsoids are shown at 50 % probability.
The structures of 1 and 2 were confirmed by single crystal X-ray diffraction ( Figure 1 ).
Both complexes show a two-coordinate linear geometry for the gold atom with negligible deviation from linearity (Table 1) ; there are no close Au···Au contacts. The HOMO-LUMO overlap is directly related to the donor-acceptor distance C1(CAAC)···N2(Cz), which is 0.02 Å shorter in 1 than in 2. This is likely to impact radiative rates and ΔE(S1-T1). 13, 25 The torsion angle N1-C1-N2-C28 for 1 of 14.3 is similar to those in 3/4, whereas for 2 it is nearly 0°, possibly due to intermolecular interactions in the crystal ( Figure S2 ). Figure S3 ). The electrochemical data are collected in Table 2 . Both 1 and 2 show a quasi-reversible, carbene ligand-centred reduction processes. Complex 1 has the smallest peak-to-peak separation (ΔEp) in the series (73 mV), indicating higher stability of the reduced species. The reduction potential is sensitive to the number of Cz-CF3 groups and leads to a greater LUMO stabilization for 1 and 2 compared with 3/4. Both 1 and 2 show irreversible carbazole-centered oxidation processes ( Figure S3 ). The HOMO levels from the onset of the first oxidation potentials 26 are -5.85 and -6.12 eV for 1 and 2, respectively, compared to -5.61 eV for 3 and -5.47 eV for 4. The UV/vis absorption spectra of 1 and 2 were measured in THF ( Figure 2 ). All complexes show π-π* transitions at ca. 270 nm which can be ascribed to intra-ligand (IL) transitions of the CAAC carbene, and weaker progressions around 300-310 nm and 360-375 nm ascribed to π-π* IL 6 transitions of the amide. The broad, low-energy absorption band is assigned largely to ligand-toligand CT transitions {π(carbazole)-π*(CAAC)}. The onset of the absorption CT band and its peak position exhibit negative solvatochromism, blue-shifting by ca. 20 nm on each step of the series 4→3→1→2 with decreasing electron-donor character of the amide ligand. The observed trend in absorption spectra is largely consistent with the increase of the band gap (ΔE, Table 2) identified by cyclic voltammetry (see below). On excitation with UV light (λexc = 365 nm), 1 and 2 as crystals show blue photoluminescence at λmax<440 nm, dominated by structured emission. This emission is similar to that observed for all complexes in frozen 2-MeTHF at 77 K ( Figure S4 ). We ascribe the structured emission to local (i.e. ligand-centred) triplet excited states ( 3 LE). The behaviour of 1 and 2 contrasts with that of 3 and 4 ( Figure S5 ), which exhibit unstructured CT emission in the crystalline phase. Emission red-shifts in neat amorphous thin films and in liquid solution, becoming broad and unstructured. We ascribe this emission to luminescence from CT excited states, which represent the lowest-energy triplet excitation in these less-constrained environments. The energy of the CT transition (ECT), measured from its high-energy onset in toluene solution, increases with increasing electron-acceptor strength of the carbazole substituents, from 2.62 eV for 4 to 3.15 eV for 2. The effect of carbazole substitution on the 3 LE emission energy (ELE), measured from its high-energy onset in frozen MeTHF solution, is less pronounced, with a change of only 0.11 eV between 4 and 2 ( Table 3 ).
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The CT excited state energy and lifetime of 1 are dependent on its environment (Table 3) .
At 298 K in toluene solution, the emission lifetime is 740 ns. Peak emission energy blue-shifts by 60 meV in neat solid samples and the lifetime increases to 1 μs. In DPEPO host, which increases peak emission energy by a further 110 meV, the lifetime increases to around 20 μs. On cooling to 77K, lifetimes of solid samples increase to 600-700 μs.
For 2, excited state lifetimes at 298 K follow a similar trend and are longer. Emission in toluene solution has a lifetime of 11.5 μs and exhibits CT character. In neat solid film, emission blue-shifts, structure associated with 3 LE emission is observed and relative luminescence yield decreases markedly. On cooling solid samples to 77 K, lifetimes increase to over 2 ms and the 3 LE character of emission becomes dominant.
The PL quantum yield in solution (298 K) drops from near unity for 1 to 61% for 2. PL is reversibly suppressed in the presence of O2, as expected for emission via triplet states. We thus observe that emission lifetime is correlated with ECT, increasing as the ΔE(CT-3 LE) gap narrows.
3 LE phosphorescence is observed in environments where the lowest CT states are no longer the lowest-energy triplet excitations, and PL quantum yield is reduced. performed using an Autolab PGSTAT 302N computer-controlled potentiostat. Cyclic voltammetry (CV) was performed using a three-electrode configuration consisting of either a glassy carbon macrodisk working electrode (GCE) (diameter of 3 mm; BASi, Indiana, USA) combined with a Pt wire counter electrode (99.99 %; GoodFellow, Cambridge, UK) and an Ag wire pseudo-reference electrode (99.99 %; GoodFellow, Cambridge, UK). The GCE was polished between experiments using alumina slurry (0.3 μm), rinsed in distilled water and subjected to brief sonication to remove any adhering alumina microparticles. The metal electrodes were then dried in an oven at 100 °C to remove residual traces of water, the GCE was left to air dry and residual traces of water were removed under vacuum. The Ag wire pseudoreference electrodes were calibrated to the ferrocene/ferrocenium couple in MeCN at the end of each run to allow for any drift in potential, following IUPAC recommendations. 6 All electrochemical measurements were performed at Data were processed using the CrystAlisPro-CCD and -RED software. 9 The structure was solved by direct methods and refined by the full-matrix least-squares against F 2 in an anisotropic (for nonhydrogen atoms) approximation. All hydrogen atom positions were refined in isotropic approximation in a "riding" model with the Uiso(H) parameters equal to 1.2 Ueq(Ci), for methyl groups equal to 1.5 Ueq(Cii), where U(Ci) and U(Cii) are respectively the equivalent thermal 29 parameters of the carbon atoms to which the corresponding H atoms are bonded. All calculations were performed using the SHELXTL software. 10 The principal crystallographic data and refinement parameters: 
Photophysical Characterisation
Solution UV-visible absorption spectra were recorded using a Perkin-Elmer Lambda 35 UV/vis spectrometer. UV-vis spectra of solid films were recorded using an Agilent 8453 UVvisible spectrophotometer, with a deuterium-discharge lamp and tungsten lamp, for a wavelength range of 200-1000 nm. Photoluminescence measurements for MeTHF solutions at 298 and 77K
were recorded on a Fluorolog Horiba Jobin Yvon spectrofluorimeter. Additional photoluminescence spectra were recorded using an Edinburgh Instruments FLS980 spectrometer.
Photoluminescent quantum yield was measured for toluene solutions using an Edinburgh Instruments FS5 spectrometer with 350 nm excitation wavelength for complex 1 (1 mg mL -1 ) and 2 (0.3 mg mL -1 ), and 400 nm excitation wavelength for complexes 3 (0.5 mg mL -1 ) and 4 (0.5 mg mL -1 ). Toluene solutions have been prepared in a nitrogen glovebox from freshly distilled toluene and measured in a 1 cm screw-cap quartz cuvette.
Transient PL Measurements
Time-resolved PL spectra of solid films were recorded using an electrically-gated according to the literature procedure. [11] TAPC, TCP and UGH2 were purchased from Luminescence Technology Corp. TPBi, DPEPO and TSPO1 were purchased from Shine Materials.
All purchased materials were used as received. OLED current density-voltage measurements were made using a Keithley 2400 source-meter unit. The luminance was measured on-axis using a 1 cm 2 calibrated silicon photodiode at a distance of 15 cm from the front face of the OLED.
Electroluminescence spectra were measured using a calibrated OceanOptics Flame spectrometer.
These were found to be constant across the current density ranges reported and found to be stable over the time scale of measurements (~1 minute). Figure S1 . TGA curves for gold complexes 1 and 2. 
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